Introduction
============

Many behaviors in animals are sexually dimorphic and expressed preferentially or exclusively by one sex. For example, in the adult, testosterone does not reliably activate male-typical copulatory behaviors in female rodents and estrogen is unable to activate female-typical receptive behaviors in males. A large number of studies starting with the work of Phoenix et al. ([@B90]) demonstrated in an array of animal species that these sex-related behaviors are influenced by hormones present during sensitive periods early in development when the brain is differentiating (Goy and Mcewen, [@B51]; Baum, [@B18]). Thus, testicular testosterone synthesis in male embryos is necessary not only for the development of internal and external genitalia but also predisposes the male to display male-typical behaviors and hormone responses later in life, a process referred to as masculinization. Lack of steroid hormone exposure predisposes animals to display female-typical adult sexual behaviors and hormone responses, a process referred to as feminization. Testosterone exposure not only masculinizes the brain but also actively defeminizes it so that in many species males are unable to exhibit female-typical behavioral responses, or exhibit a surge release in luteinizing hormone (LH) in response to increased estradiol. The developing male gonad also synthesizes Müllerian inhibiting hormone (MIH),which inhibits the development of the internal female reproductive tract and in mice may be involved in brain differentiation (Wang et al., [@B128]). The early actions of sex steroids are imperative for the maturation and/or organization of several brain structures and neural circuits. The differentiated neural circuits are then responsible for sex-typical responses following puberty when sex steroids are synthesized at adult levels by the mature gonad. Thus, it is common to refer to the permanent developmental effects of sex steroids as "organizational," while the reversible or transient effects observed during adulthood are referred to as "activational."

The most prominent and prevalent sex difference in behavior is sexual partner, or mate, preference. Most mating occurs between conspecific animals of different sexes. Same-sex courtship, mounting, and genital contact are phylogenetically widespread (Bagemihl, [@B11]; Vasey, [@B124]) and may be quite common in some species (e.g., bonobos), but the expression of same-sex behaviors does not imply a preference for same-sex partners. Sexual partner preferences are properly studied in conditions where animals are given a choice to sexually interact among different-sex stimuli, so that it is clear that the choice is sexually, and not socially, motivated. Studies in an array of animal species clearly demonstrate that sexual partner preferences are subject to both organizational and activational effects of gonadal steroid hormones (Bakker et al., [@B14]; Adkins-Regan et al., [@B2]; Baum, [@B18]; Henley et al., [@B57]). Although these studies are not entirely translatable to human sexuality, they represent a reasonable line of investigation that has guided investigators to search for possible origins of human sexual orientation through androgens and their target neural substrates. In its simplest conception, the theory that perinatal hormones determine sexual partner preference is predicated on the idea that like other aspects of gender, sexual preference is subject to natural variations in androgen exposure during a sensitive period of perinatal development. Thus, fetuses/neonates exposed to high levels of androgens during this period (mostly males) will be sexually attracted to females in adult life and fetuses/neonates exposed to low levels of androgens (mostly females) will be sexually attracted to males. There are abundant data showing that perinatal hormone manipulations in animals, especially rats (discussed below), lead to predicted changes in sexual partner preferences and coital performance. However, there are only a small number of species in which same-sex preferences, defined by choice tests, have been shown to occur spontaneously in unmanipulated populations. Of these, the domestic ram is the best studied and, as discussed later, provides some support for the idea that same-sex preferences are a manifestation of incomplete masculinization and defeminization.

Testosterone is unequivocally the primary gonadal steroid driving sexual differentiation and the development of sexual partner preference in male mammals. The effects of testosterone may be either direct and/or indirect, through its aromatase-derived estrogenic metabolites. However, there are several additional ways that hormone exposure may be responsible for atypical sexual partner preferences. Variations may relate to absolute levels of hormone, timing of exposure, metabolism to more or less active molecules, hormone receptor activity, availability of free as opposed to bound steroid, or some combination of these factors. Moreover, depending on the developmental timing of specific brain structures and their coincident exposure to the prevailing steroidal milieu, some brain structures may be demasculinized/defeminized, whereas others are not. In addition, the causes of variations could relate to individual genetic variability or exposure to environmental factors that suppress the reproductive axis (e.g., stress) or disrupt hormone actions (e.g., environmental endocrine disruptors; Ryan and Vandenbergh, [@B108]; Patisaul and Polston, [@B86]).

This manuscript will review major findings that support the hypothesis that the organizational actions of sex steroids are responsible for sexual differentiation of sexual partner preferences in select non-human species and explore how this work has informed and helped to frame our understanding of biological influences on human sexual orientation and gender identity.

Rats
====

Rats are the most studied model of sexual behavior and sexual partner preference. Not only is the rat an easily obtainable experimental animal, but it is born in an altricial state so that much of sexual differentiation of the brain occurs postnatally making it an easy model to manipulate experimentally. Testosterone-derived estrogen is the primary hormone driving brain differentiation in the rat. Development of female-directed partner preference in male rodents is independent of androgen receptor activation since both androgen insensitive rats (Tfm; Hamson et al., [@B54]) and androgen receptor knockout mice (Raskin et al., [@B97]) exhibit masculinized partner preference.

Activational effects of steroid hormones
----------------------------------------

Sexual partner preferences are subject to activational effects of gonadal steroids in rodents. Intact females prefer males over females and intact males prefer estrous females over males (Hetta and Meyerson, [@B58]; Meyerson et al., [@B79]). In females, ovariectomy reduces sexual preference for a stimulus male which is restored by an injection of estradiol (Slob et al., [@B112]). In males, castration reduces sexual partner preference for an estrous female and either testosterone or estradiol restores it, but not dihydrotestosterone (DHT; Bakker et al., [@B13]). The ineffectiveness of DHT indicates that, like for other aspects of masculine sexual behavior, estrogenic metabolites produced by brain aromatase mediate the activational effects of testosterone. There is also evidence that sexual experience and adult hormone concentrations interact to form sexual partner preferences in both male and female rats (Slob et al., [@B112]; Woodson et al., [@B134]). More recently, Triana-Del Rio et al. ([@B122]) reported that conditioned learning can elicit transitory same-sex partner preferences in cohabitating male, but not female rats, treated with the dopamine D2-type receptor agonist quinpirole (QNP). Thus, sexual partner preferences appear to be strongly influenced by an animals' steroid hormone environment which may be modified by other salient experiences and learning.

Role of olfaction
-----------------

Much social information is transported among rodents by the main and accessory olfactory systems, and the olfactory system is implicated in mate choice (Keller et al., [@B64],[@B65]). The main olfactory system has receptors in the nasal epithelium which synapse on the olfactory bulb with connections to the olfactory cortex in the temporal lobe as well as the amygdala and hypothalamus (Purves et al., [@B95]). The accessory olfactory system includes the vomeronasal organ and its connections. The vomeronasal organ, located in the oral cavity, is responsible for the detection of non-volatile odors. In the absence of any cortical connections, the accessory olfactory system is responsible for the unconscious perception of odorants. Distinct receptors in the vomeronasal organ synapse on the accessory olfactory bulb with direct connections to the amygdala and hypothalamus (Purves et al., [@B95]). The accessory olfactory system is thought to process information about odorants from conspecifics and is important in the mediation of sexual, reproductive, and aggressive behaviors (Purves et al., [@B95]). Although much social information is relayed in the olfactory system, deafferentation of the olfactory bulb decreased the expression of sexual behavior but did not alter partner preference in sexually experienced male rats (Edwards et al., [@B42]). In contrast, a more severe bulbectomy in male hamsters decreased the preference for estrous females while sexual partner preference was unaffected following destruction of only the vomeronasal system (Ballard and Wood, [@B15]). These results suggest that the accessory olfactory system is not required for the normal expression of sexual partner preferences.

Organizational effects of steroid hormones
------------------------------------------

Exposure to gonadal steroids during critical periods in development is important for the masculinization of adult sexual partner preferences in the rat. Henley et al. ([@B56]) recently summarized the general principles concerning the organizational role of hormones on preference behavior. Prenatal exposure to the estrogenic metabolites of testosterone masculinizes sexual partner preferences resulting in a male-typical adult preference for an estrous female over a stimulus male (Matuszczyk et al., [@B76]; Brand and Slob, [@B26]). However, prenatal steroid exposure alone does not defeminize sexual partner preferences because males castrated neonatally and given estradiol and progesterone as adults prefer to spend time with sexually active males rather than estrous females (Matuszczyk et al., [@B76]). Like neonatally castrated rats, males treated postnatally with the aromatase inhibitor, ATD exhibit male-typical partner preference behavior, but also show female-typical adult partner preferences for active males when treated with estradiol as adults (Bakker et al., [@B13]). Moreover, male rats castrated at birth or treated neonatally with ATD show a reduced preference for an estrous female when treated with testosterone in adulthood suggesting that prenatal steroid exposure only partially masculinizes partner preferences (Brand and Slob, [@B26]). Postnatal testosterone or estradiol exposure also has masculinizing and defeminizing effects on the display of adult partner preferences of female rats (de Jonge et al., [@B37]; Henley et al., [@B56]). Thus, complete masculinization of sexual partner preferences requires both pre- and post-natal exposure to estrogenic metabolites of testosterone, while postnatal exposure to estradiol leads to defeminization of adult rat partner preference.

Effect of prenatal stress
-------------------------

Estrogenic metabolites of testosterone are required for the normal expression of male sexual behavior and are also necessary for neural organization which results in female-directed sexual partner preference in adulthood. The influence of prenatal stress on sexual partner preference provides further evidence of the organizational effect of gonadal steroids. Prenatal stress (either maternal nutrition or restraint stress) experienced during the last third of gestation affects testosterone synthesis in the prenatal male rat, suppresses preoptic aromatase activity (Weisz et al., [@B129]), and decreases expression of adult sexual behavior, especially copulatory behaviors (Rhees et al., [@B99]). Prenatal stress also prevents masculinization of female-directed partner preference behavior as measured by the time spent in proximity with an estrous female vs. a stimulus male (Meek et al., [@B77]; Wang et al., [@B126]; Popova et al., [@B92]). Stress negatively impacts the reproductive axis (Breen and Karsch, [@B28]) and since cortisol is lipophilic, endocrine stress events are likely to be transferred to the fetus. Elevated cortisol in obese ewes is mirrored by higher levels in their fetuses at 75 day of gestation (Ford et al., [@B49]), a time critical to the differentiation of the sheep brain.

The sexually dimorphic preoptic area
------------------------------------

The medial preoptic area (MPOA) acts as a nodal area for the integration of chemosensory information and the display of male sexual behaviors in all vertebrate species studied (Hull et al., [@B62]). Large lesions of the MPOA changed the partner preference of adult males so that in a choice test, they spend more time with an intact male than with an estrous female (Paredes et al., [@B85]). Similarly, ablation of the MPOA by chemical lesioning abolished the preference of intact male rats for soiled bedding from estrous females vs. intact males (Dhungel et al., [@B39]) supporting a role for MPOA in both olfactory preferences and male copulatory behavior. Other studies reported positive correlations between the volume of the sexually dimorphic preoptic nucleus (SDN-POA) and the animal's preference for a receptive female (Houtsmuller et al., [@B60]; Woodson et al., [@B134]). Prenatal stress affects expression of adult sexual behavior and reliably decreases the size of the SDN-POA (Anderson et al., [@B7]). However, lesioning of the rat SDN-POA has not caused consistent behavioral deficits (Arendash and Gorski, [@B9]) and no experimental evidence exists that links this nucleus functionally to sexual partner preferences in rats.

Ferrets
=======

Like rats, ferrets are also born in an altricial state with eye opening delayed until after postnatal day 23. Male ferrets are exposed to higher levels of testosterone than females at three distinct developmental periods: between embryonic days 28 and 38 of a 41-day gestation (Krohmer and Baum, [@B69]); acutely within 2 h after birth (Erskine et al., [@B47]); and over the first 3 weeks of life (Erskine and Baum, [@B46]). Both estrogens derived from testosterone and testosterone itself appears to be essential for sexual differentiation and partner preference development. Results of several experiments show that exposure of the male ferret to relatively high levels of circulating androgens during the last quarter of gestation and immediately after birth sensitize the developing neural mechanisms that control sexual behavior and partner preference to the lower levels of androgen that occur in males for several weeks after birth (Baum, [@B17]). The estrogens formed by the developing nervous system through aromatization of androgens are primarily responsible for this sensitization which allows the postnatal action of testosterone to complete the process of behavioral sexual differentiation.

Activational effects of steroid hormones
----------------------------------------

Sexual partner preferences in ferrets are subject to activational effects of steroids. Male and female ferrets gonadectomized on postnatal day 35 and tested in later adulthood while receiving no hormone or testosterone displayed no significant preference when presented in a T-maze with a choice between an estrous female or stimulus male. When given estradiol benzoate, however, males preferred stimulus females whereas females preferred stimulus males (Stockman et al., [@B114]). The effectiveness of estradiol in female-directed partner preference for male ferrets may be explained by the aromatization of testosterone to estradiol which is necessary for expression of masculine sexual behaviors (Baum et al., [@B20]). The ineffectiveness of testosterone to activate heterosexual partner preferences in males, however, could be caused by interactions with the male stimulus animal leading to expression of aggression, which may predominate in this testing situation.

The role of olfaction
---------------------

Odor discrimination and sexual experience are important factors that bias sexual partner preferences of ferrets. Prior to sexual experience, testosterone propionate-treated males and estradiol benzoate-treated females prefer to approach odors from opposite sex ferrets, but clear preference to approach a goal box containing estrous female stimulus animal is evident only after males receive sexual experience (Kelliher and Baum, [@B66]). Heterosexual partner preference is eliminated in anosmic male and female ferrets even when the subjects were able to see, hear and interact physically with stimulus ferrets in a Y-maze (Kelliher and Baum, [@B67]). Additional experiments have established an obligatory role of olfactory cues in ferret heterosexual partner preference (Cloe et al., [@B34]; Woodley and Baum, [@B133]). Existing evidence suggests that a sex dimorphism in the detection of odorants by the main olfactory system as well as the central processing of pheromonal cues play central roles in mate recognition in ferrets (Baum, [@B19]).

Organizational effects of steroid hormones
------------------------------------------

Developmental studies demonstrate that prolonged prenatal and early postnatal exposure to testosterone is necessary to establish male-typical partner preferences in ferrets (Stockman et al., [@B114]; Baum et al., [@B21]). Females exposed to testosterone proprionate on embryonic day 27--30, at the time of birth, and again during postnatal days 5--20 chose the stimulus female in a T-maze test while receiving estradiol benzoate, a response identical to control males. Females exposed to testosterone prenatally or only after birth and from postnatal day 5--20 showed adult profiles of sexual partner preference that were intermediate between control males and females. The role that androgen metabolites play in the organization of sexual partner preferences in ferrets has not yet been addressed adequately.

The sexually dimorphic preoptic area
------------------------------------

Male ferrets possess a cluster of neurons in the posterior POA/AH that is absent in females and has been named the sexually dimorphic male nucleus (MN) of the POA/AH (Tobet et al., [@B120]). The MN is organized by testosterone-derived estrogen acting during the last quarter of gestation (Tobet et al., [@B119]). As opposed to the rat SDN-POA, the integrity of the male ferret MN is required for the male-typical preference to seek out and mate with an estrous female as opposed to a male stimulus animal (Cherry and Baum, [@B33]; Paredes and Baum, [@B84]; Kindon et al., [@B68]; Alekseyenko et al., [@B4]). Recently, it was demonstrated that bilateral electrolytic destruction of the MN caused male ferrets to exhibit a female-typical profile of preferences for male body odors which correlated with enhanced neural Fos-response to soiled bedding from other males (Alekseyenko et al., [@B4]). Taken together with earlier studies, hypothalamic processing of body odorants appears to underlie sex differences in partner preferences in ferrets.

Sheep
=====

Expression of normal ram sexual behavior requires both sexual interest and the execution of male-typical mounting behavior which is dependent on gonadal androgen production (D'Occhio and Brooks, [@B40]). Nearly 25% of rams do not exhibit sexual interest in the presence of sexually receptive ewes. Although sexual behavior was estimated to be moderately heritable (Snowder et al., [@B113]), the incidence of sexually inactive rams did not differ in studies conducted in 1964 (Hulet et al., [@B61]) and 1991 (Fitzgerald and Perkins, [@B48]) at the US Sheep Experiment Station (Dubois, ID, USA). Since non-active rams are less reproductively successful, incidence of a highly heritable trait would be expected to decrease over time. The lack of a change, however, raises the possibility that the phenotypic expression of normal male sexual behavior does not appear to be entirely genotypically controlled.

Characterizing sexual partner preferences of rams
-------------------------------------------------

Sexual behavior is assessed in rams by exposing rams to sexually receptive ewes in a serving capacity test in which numbers of courting and mounting behaviors expressed in 30 min are quantified. Sexual interest in other males is assessed in a sexual partner preference test. In a preference test, rams are exposed to both ewes in estrus as well as other rams. Female oriented rams (FOR) are quick to investigate estrous ewes and achieve 10 mounts and/or six ejaculations in a 30-min period (Perkins et al., [@B89]) and do not mount rams in sexual preference tests. Rams which exclusively court and mount other rams are considered male-oriented (MOR). Rams failing to show sexual interest in either estrous ewes or other rams, or achieve few mounts or ejaculations in the sexual performance test are classified as non-performing rams (NOR). Since Zenchak et al. ([@B136]) first concluded that some rams prefer other rams as sexual partners, a number of additional reports have confirmed this observation (Perkins et al., [@B88]; Resko et al., [@B98]; Alexander et al., [@B6]; Pinckard et al., [@B91]). Notably, three independent studies estimated that MORs constitute ∼ 8% of a given ram population (Price et al., [@B93]; Perkins and Fitzgerald, [@B87]; Roselli et al., [@B106]).

The role of olfaction
---------------------

Several hypotheses have been proposed to explain the expression of same-sex sexual preferences in rams. The most compelling lines of evidence implicate the involvement of sensory processing in the initial recognition of potential sexual partners which influences specific brain areas in the formulation of appropriate behavioral responses. Olfactory signals are important for facilitating reproduction in rams and are the major sensory modality used by rams to identify ewes in estrous (Maina and Katz, [@B75]). Intriguing evidence suggests that olfactory sensory processing differs between FORs and MORs. Perkins et al. (Perkins and Fitzgerald, [@B87]; Perkins et al., [@B89]) found that exposure of adult FORs to estrous ewes provokes an increase in LH and testosterone. MORs did not show this response to estrous ewes, but did exhibit an elevation in serum concentrations of testosterone when exposed to other rams. The hormone response in MORs, while paradoxical, suggests they respond differently than FORs when presented with similar sensory cues. Alexander et al. ([@B6]) demonstrated that similar hormone responses could be evoked in FORs given fence line contact to estrous ewes in absence of direct sexual contact, but not to rams. In contrast, MORs (and NORs) did not show endocrine responses under those conditions. Interestingly, FORs exhibit more investigatory olfactory behaviors toward all stimulus animals suggesting that discrimination depends on adequate olfactory input. Following fence line exposure to ewes, FORs, but not MORs, have increased Fos-like activity in the bed nucleus of the stria terminalis and MPOA (Alexander et al., [@B5]) which are important components of the vomeronasal and olfactory pathways. Together, these results suggest that FORs detect and process sexually relevant information differently from MORs which may, in turn, contribute to differences in expression of sexual partner preferences.

Organizational effects of steroid hormones
------------------------------------------

Evidence that the MPOA/AH participates in regulation of sexual partner preferences in rats and ferrets (see previous discussion) led to the search for a sexually dimorphic nucleus in the sheep. An ovine sexually dimorphic nucleus in the preoptic area (oSDN-POA) has been identified (Roselli et al., [@B105]). The oSDN-POA is two to three times larger and contains more neurons in FORs than in MORs and ewes and is characterized by aromatase synthesizing neurons (Roselli et al., [@B105]). Differences in the size of the oSDN among FORs, MORs, and ewes are not due to differences in adult exposure to testosterone since differences persist even after adult sheep are gonadectomized (Roselli et al., [@B104]). Sex differences in the size of the oSDN develop prior to birth under the organizational influences of testosterone (Roselli et al., [@B107]). These results suggest that differences in size of the oSDN between MORs and FORs arise from individual variations in prenatal androgen exposure or effects which may predispose adult rams to express sexual attraction to rams or ewes, respectively. Although this hypothesis cannot be tested directly, treatment of the pregnant ewe with an aromatase inhibitor did not disrupt masculinization of copulatory behavior and partner preferences and did not interfere with defeminization of the LH surge mechanism in adult rams (Roselli et al., [@B102]). Thus, the question of whether sexual partner preferences are programmed prenatally in rams remains unanswered. Correlation of oSDN size with sexual partner preference may function to bias the processing of sensory information (i.e., olfactory) relevant for mate choice. However, more research is needed to unravel the functional neuroanatomical relationships and the role, if any, of prenatal programming in the development and expression of adult sexual preferences in sheep.

Humans
======

In humans, gender is traditionally assigned by the presence of testes in the male and the absence of testes (implying the presence of ovaries) in females, whereas gender identity and sexual orientation are neurological effects. Gender identity is defined as whether a person perceives themselves as male or female regardless of anatomy and should be considered separately from gender behavior. Accordingly, a person with female gender identity may have masculine gender behavior. Orientation is defined by who we desire sexually, not necessarily whom we have sex with. There is overwhelming evidence in all species that prenatal hormone exposure is the most critical factor determining anatomical sex. Over the past 50 years, animal models have provided seminal information on how hormones regulate sex-typical brain anatomy and behavior. Those studies framed the nature of questions that are currently being posed regarding the influence of hormones on sexual identity and orientation. Although animal models have provided some insight into sex-typical orientation, they will never yield information regarding gender identity. Moreover, as orientation is also not simply binary, animal models are unlikely to resolve whether all etiologies underlying homosexuality are common -- e.g., do masculine and effeminate gay men develop similarly?

Theories behind human psychosexual development
----------------------------------------------

### Optimal-gender policy

John Money's hypothesis that the human brain is gender neutral at birth and evolves thereafter under the influence of experience/learning and hormones was advanced from the 1950s to the 1990s (Money and Ehrhardt, [@B80]). This policy shaped decision making for the medical, surgical, and psychological management of sexual development and especially "disorders" thereof. This policy was seriously undermined with the discovery that some 46,XY individuals with penile agenesis, penile ablation, or cloacalextrophy who were raised female, reassigned themselves with their genetic sex or experience gender dysphoria later in life (see Meyer-Bahlburg, [@B78] for review). In contrast, no such individuals raised male reassigned their gender. It should be noted, however, that for some persons who have not undergone "complete" masculinization/defeminization neonatally \[e.g., partial androgen insensitivity (PAIS), congenital adrenal hyperplasia (CAH) -- see below\] there is some support for the contention that gender identity, but not behavior, may be shaped by experience/learning (Wisniewski et al., [@B131]). However, how much of individual sex identification is determined by a need to conform to an established identity is uncertain since changing gender is not readily accepted in most societies.

### Genetics

Studies on mammals (Carruth et al., [@B32]; Abel and Rissman, [@B1]) suggest that sex chromosome related genes contribute to sexual differentiation of the brain, but there is no evidence yet in humans to support a specific genetic component in the differentiation of gender identity. However, population studies and studies of identical twins support the hypothesis that at least some male and female homosexuality is a consequence of genetics (Bailey et al., [@B12]; Mustanski et al., [@B81]). Homosexuality runs in families (Bailey et al., [@B12]), and regions of the X chromosomes as well as chromosomes 7, 8, and 10 have been identified as sites of particular interest with respect to male homosexuality (Mustanski et al., [@B81]). However, candidate gene studies on the androgen receptor on Xq12 (Macke et al., [@B74]) or the enzyme aromatase on 15q21.2 (DuPree et al., [@B41]) have not demonstrated an association with male homosexuality. There is also evidence that birth order of boys may affect the potential of becoming gay with each additional older brother increasing the odds of becoming homosexual by approximately 33% (Cantor et al., [@B31]). A pivotal study by Bogaert ([@B24]) demonstrated that the fraternal birth order operates during prenatal life since the effect was observed even when the biological older brother was reared in a separate household. Furthermore, non-biological siblings (adopted or step-brothers) had no effect on men's sexual orientation (Bogaert, [@B24]). The most plausible, but not yet proven, explanation for this observation is that the mother develops an immune response that in some direct and/or indirect way, affects male fetal brain development during pregnancy. It is believed that this immune response is enhanced with each subsequent male pregnancy and increases the likelihood that some later born males will be sexually attracted to men as opposed to women (Bogaert and Skorska, [@B25]).

### Hormonal/organizational

Although still actively debated by the scientific community, there is growing support for the hypothesis that the prenatal hormone environment is a major determinant of gender behavior, gender identity, and sexual orientation. Although gonadal steroids are considered the major organizational effectors, evidence from mice suggests that MIH may also contribute to the sexual organization of the brain, at least in that species (Wang et al., [@B128]). Since receptors for other non-steroid reproductive hormones \[gonadotropin releasing hormone (GnRH), LH, follicle stimulating hormone (FSH)\] have been reported in the mammalian brain (Liu et al., [@B72]; Albertson et al., [@B3]), it is also possible that these hormones may be a component of endocrine-mediated neuronal differentiation. Although there is compelling evidence in other mammals that aromatization of testosterone to estrogen is critical for brain masculinization/defeminization, there is no evidence that this pathway affects gender or orientation in humans since men with null mutations affecting the expression of aromatase develop normal male-typical sexual orientation (Rochira et al., [@B101]).

During gestation, male and female fetuses have different endocrine profiles. A surge in testosterone commences after the differentiation of the bipotential gonads into testes in the male (Bakker et al., [@B14]; Baum, [@B18]; Scott et al., [@B110]; Bogaert and Skorska, [@B25]). The adrenal glands also produce androgens whose relative level can increase if there are perturbations in steroidogenic enzymes in this gland, such as in the case of CAH. Most commonly, an absence of hydroxylase activity inhibits cortisol synthesis in CAH individuals, and as a result of a lack of a negative feedback, the fetus is exposed to high levels of androgens (Shaw, [@B111]). The steroid profile of the mother may also get transferred to the fetus and thus maternal dysfunction of either the ovaries or adrenal glands are likely to be experienced by the developing conceptus. Other organs/tissues may also express enzymes capable of converting steroid precursors into androgens, such as the liver and adipose tissue which express 3 β-hydroxysteroid dehydrogenase (HSD) and 17 α-HSD (Burger, [@B30]). Given the dramatic rise in obesity internationally and the strong association between obesity and polycystic ovarian syndrome (PCOS), characterized by hyperandrogenism (Ehrmann, [@B45]), the importance of adipose tissue in androgen synthesis should not be overlooked. Low levels of sex hormone binding globulin among obese or overweight women (Pugeat et al., [@B94]) may elevate the relative amount of free testosterone individuals are exposed to. However, one published study with a limited sample size reported a paradoxical decrease in umbilical cord blood androgens and estrogens of female fetuses born to PCOS women (Anderson et al., [@B8]). The placenta is also steroidogenically active and serves as a source of steroid hormones. Concentrations of steroid hormones in the amniotic fluid may better serve as an index of fetal exposure to steroids. The turnover of steroids is much slower in amniotic fluid than in blood (Lai et al., [@B70]) and acute episodes in the mother could result in chronic exposure to the fetus (Todaka et al., [@B121]).

The development of sexual anatomy in humans occurs in the first trimester before brain sexual differentiation in the second and third trimesters (Cohen-Kettenis, [@B35]). Both events are determined by testosterone, with external male sexual anatomy dependent on its conversion into DHT by 5 α-reductase-2. Although anatomical and neural differentiation occurs sequentially in most males, they are independent events (Cohen-Kettenis, [@B35]) as demonstrated in sheep (Roselli et al., [@B103]). It is, therefore, readily apparent that a person could develop male anatomy but retain a female brain. Big gaps in our knowledge base, in both human and animal studies, are "how much?" and "how long?" Sheep studies show that 30 vs. 60 days of androgen exposure produce different phenotypes, both anatomically and neurologically (Birch et al., [@B23]; Roberts et al., [@B100]). This evidence is, however, confounded by the gestational age when the fetus was exposed. Although the length of exposure differed, the timing of exposure also differed (30 vs. 60 day of gestation) which may influence the resulting phenotype. Further study is clearly needed to understand the implications of a shorter time period of androgen exposure.

In addition to the external sex organs, multiple organs, and tissues are also affected by exposure to steroids. It was suggested that the well-known effects of steroids on anogenital distance in mammalian studies, used as an index of androgen exposure, may also apply to humans (Swan, [@B118]). Although differentiation of the internal and external sexual organs is viewed collectively, evidence from humans suggests that we should consider differentiation of these structures separately. It was hypothesized in 46,XY individuals that the degree of correlation between differentiation of external genitalia and gender identity is poor.

Hox genes are androgen sensitive (Daftary and Taylor, [@B36]) and are involved in digit growth. Numerous studies (see Breedlove, [@B27] for review) have associated fetal androgen exposure with the length of the second finger relative to that of the ring finger (2D:4D ratio) and, although this ratio cannot be used as a quantitative assay, studies on persons who are completely androgen insensitive (CAIS) supports this hypothesis (Berenbaum et al., [@B22]). Several studies have related the 2D:4D ratio in homosexual women to greater androgen exposure (Grimbos et al., [@B52]).

Human males and females express specific behavioral differences which, by definition, are neurologically mediated (Hines, [@B59]). Accordingly, there are numerous neuroanatomical differences (see Bao and Swaab, [@B16] for review) among men and women: from cortical thickness, which is greater in women (Luders et al., [@B73]), to the suprachiasmatic nucleus, which is more elongated in women (Swaab et al., [@B116]). Testosterone has even been implicated in cerebral lateralization (Grimshaw et al., [@B53]). Indeed, there may be few neurological structures that are not sexually dimorphic.

It is noteworthy that several of these nuclei differ according to sexual orientation or in disorders of sexual development. The suprachiasmatic nucleus in homosexual men is more similar in gross structure to that of a woman (Swaab and Hofman, [@B117]). The interstitial nucleus of the anterior hypothalamus 3 (INAH-3) is larger in males than in females (Garcia-Falgueras and Swaab, [@B50]) and is also smaller in homosexual than heterosexual men (LeVay, [@B71]). In addition, the volume and number of neurons present in the INAH-3 in 46,XY transsexual (i.e., male to female) people is similar to that in XX women (Garcia-Falgueras and Swaab, [@B50]). The isthmus of the corpus callosum is larger in right handed homosexual men than heterosexual men (Witelson et al., [@B132]). An MRI study to identify corpus callosum shape at the midsagittal plane found that callosal shape reflected gender identity rather than genetic sex (Yokota et al., [@B135]). Women and 46,XY transsexual persons have a smaller central subregion of the bed nucleus of the stria terminalis (BNST) than men (Zhou et al., [@B137]), but the origin of this difference is controversial (Hines, [@B59]). Whether these neuroanatomically different sites actually play specific roles in gender identification and/or sexual orientation is not known. Indeed, they may simply reflect that, like the fingers, the brain has been exposed to a different endocrine milieu *in utero*.

Disorders of sexual development
-------------------------------

It can be argued that the terminology used in describing differences in sexual development induces a negative perception of these variations. Words such as "disorder," "mutation," "dysfunction" all have negative connotations at best and, at worst, suggests that these differences are fixable. It would be more helpful if we viewed such conditions as part of a natural continuum. However, these variations provide the strongest insight into the relative importance of the prenatal endocrine milieu on sexual differentiation.

### Swyer syndrome

Probably the most compelling evidence that human neurological sexual differentiation is gonad dependent and independent of gene expression is provided by 46,XY persons with pure gonadal dysgenesis, or Swyer syndrome (Wisniewski et al., [@B131]). These individuals are externally female with streak gonads and, if untreated with estrogens, do not experience puberty. All reported cases identify as heterosexual females and experience no gender dysphoria. Since there is no MIH, the Müllerian duct structures develop into a rudimentary uterus and vagina so that 46,XY Swyer Syndrome women can maintain a pregnancy if treated hormonally.

### Androgen insensitivity

In CAIS, a 46,XY person is unable to respond to androgens although MIH prevents development of the Müllerian ducts. Such individuals are infertile. Persons with CAIS identify as heterosexual females and do not experience gender dysphoria. CAIS provides evidence that, in humans, MIH does not play a central role in sexual differentiation.

From a societal acceptance perspective, 46,XY women with Swyer syndrome or CAIS conform to the binary stereotype, i.e., male vs. female. In contrast, with 46,XY PAIS, the degree of anatomical and neurological differentiation depends on the extent of retained androgen sensitivity. Although attempts are made to raise persons as male or female, gender dysphoria is not uncommon (Wisniewski et al., [@B131]) and it is arguable that either category is appropriate.

### 46,XY congenital estrogen deficiency

There are very few reported cases of 46,XY estrogen deficiency caused by either estrogen insensitivity or aromatase deficiency (Rochira et al., [@B101]). Although there are some reproductive anomalies, all individuals identify as heterosexual males (Rochira et al., [@B101]). Although the numbers are limited, this evidence is persuasive that estrogen plays little role in human male-typical sexual differentiation.

### 5α reductase-2 (SRD5A2) deficiency

In 46,XY men, differentiation of the external genitalia is dependent on DHT which is synthesized from testosterone by SRD5A2. In the absence of SRD5A2, the genitalia do not fully masculinize (Imperato-McGinley et al., [@B63]). Although this deficiency is rare in the general population, it is commonplace in several regions, being most prevalent in the Dominican Republic (1:90) and the Gaza strip (1:150). Depending on the extent of genital masculinization, individuals may be raised either male or female but, if the latter, incidence of gender reassignment is high (Imperato-McGinley et al., [@B63]; Cohen-Kettenis, [@B35]). In one study (Imperato-McGinley et al., [@B63]), of 18 persons unambiguously raised as girls, 17 changed to a male-gender identity, and 16 to a male-gender role during or after puberty. At puberty, the surge in testosterone accompanied by an assumed increase in 5α reductase-1 synthesis (Wilson, [@B130]), results in increased virilization.

### Transsexual

If there is masculinization/defeminization of the genitalia, but not the brain, it would be hypothesized that a 46,XY transgendered person develops. Studies by Savic and Arver ([@B109]) support this hypothesis, but the number of individuals studied is very small. In some societies, most notably Independent Samoa, 46,XY transgendered persons indentify as a third gender, *fa*'*fafine*, which is feminine and there is no societal stigmatization associated with this gender. Fa'fafine are indentified at a very early age and seminal studies by Vasey et al. ([@B125]) suggest that their psychosocial development is similar to girls, supporting the hypothesis that their brains have not undergone masculinization/defeminization. It is of note that fraternal birth order has been associated with the probability of a fa'fafine being born (VanderLaan and Vasey, [@B123]).

### Congenital adrenal hyperplasia (CAH)

The most common form of CAH is 21α-hydroxylase deficiency which reduces the synthesis of cortisol and aldosterone. As a result there is an increased synthesis of androgens by the adrenal gland. The range of genital masculinization is variable and, although there is an assumption that this is a reflection of neural masculinization, and hence gender assignment, this may not be accurate. Since Wolffian duct virilization is testosterone dependent, independent of its conversion to DHT, it may be a better index of masculinization/defeminization of the brain than external genitalia (Randall, [@B96]; Ostrer, [@B83]; Hannema and Hughes, [@B55]). Although female gender assignment predominates in CAH and is retained, there are elevated instances of strong gender dysphoria (Dessens et al., [@B38]) arguing that in some persons an androgen duration and/or concentration threshold has been surpassed. It is noteworthy that there is a much higher incidence of tomboyish behavior as children (Ehrhardt and Meyer-Bahlburg, [@B43]) and homosexuality as adults and the 2D:4D finger ratio is masculinized (Brown et al., [@B29]; Okten et al., [@B82]).

### Diethylstilbestrol and other xeno- and phyto-steroids

Diethylstilbestrol, a synthetic estrogen, was first synthesized in 1938 but, like several other xeno- and phyto-estrogens, it has affinity for the androgen receptor (Wang et al., [@B127]). Between 1940 and 1970, DES was used as a gestation facilitator and approximately 2 million US babies were exposed *in utero* although the duration and dose of DES were variable. Interestingly, there is a higher incidence of homosexuality in women exposed to DES as fetuses (Ehrhardt et al., [@B44]). Anecdotal evidence (Swaab, [@B115]) also suggested a higher incidence of DES exposure in 46,XY transgendered persons. There are numerous reports of an association between xeno- and phyto-estrogens and impaired sexual differentiation although most have focused on the effects on sexual anatomy and, by inference, the brain. For example, exposure to high levels of genistein or fungicides, which may act as xenosteroids, are associated with a higher incidence of hypospadias in men. Methoxyacetic acid, the primary active metabolite of the industrial chemical ethylene glycol monomethyl ether, disrupts spermatogenesis, and causes testicular atrophy was shown to affect androgen sensitive HOX genes (Bagchi et al., [@B10]).

Conclusion
==========

There is compelling evidence that perinatal exposure to gonadal steroids is one of the biological factors that strongly influences the development of sexual partner preferences in animals and sexual orientation in humans. The specific effects of testosterone and its aromatase-derived estrogenic metabolites in these differentiation processes are clearly species dependent and range from being almost exclusively dependent on estrogen in the rat to androgen dependent in humans. Many tissues are profoundly affected by these steroids in development. Sexual differentiation of the genitals occurs before sexual differentiation of the brain and is subject to varying and independent degrees of masculinization. In the brain, specific steroid-dependent nuclei have been identified that are dimorphic both with regard to sex and sexual orientation/partner preference. However, our knowledge of the roles these nuclei play in manifesting sexual behaviors and partner preferences remains very meager. Although rodents are tractable models, especially because dimorphisms develop postnatally, studies are hampered by size which limits our ability to precisely manipulate target nuclei *in vivo*. Sheep and ferrets, by contrast, have larger brains making such targeted manipulations feasible but require specialized surgical techniques to perform *in utero* experiments. Moreover, the seemingly essential requirement that steroid exposure occurs for long periods makes such studies even more challenging. Indeed, the precise stage of development and steroid dose required remain unresolved. These and other questions remain to be answered and in a broader context will undoubtedly expand our understanding of the hormonal control of sexual differentiation.

Summary Sentence: This manuscript reviews the major findings which support the hypothesis that perinatal exposure to gonadal steroids is responsible for the development of sexual partner preferences in animals and explores how this information has helped to frame our understanding of human sexual orientation and gender identity.
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